Abstract -The aim of this paper is to investigate the basic properties and limits of the small animal imaging systems based on single photon detectors. The detectors for radio imaging of small animals are challenging because of the very high spatial resolution needed, possibly coupled with high efficiency to allow dynamic studies. These performances are hardly attainable with single photon technique because of the collimator that limits both spatial resolution and sensitivity. In this paper we describe a simple desktop detector based on pixellated NaI(Tl) scintillator array coupled with a pinhole collimator and a PSPMT, the Hamamatsu R2486. The limits of such systems as well as the way to overcome them will be shown. In fact better light sampling at the anode level would allow better pixel identification for higher number of pixel that is one of the parameters defining the image quality. Also the spatial resolution would improve. The performances of such layout are compared with others using PSPMTs differing from R2486 for the light sampling at the anode level and different areas. We show how a further step, namely the substitution of the pinhole collimator with a coded aperture, will allow a great improvement in system sensitivity while maintaining very good spatial resolution, possibly submillimetric. Calculations and simulations show that sensitivity would improve by a factor of 50.
I. INTRODUCTON
The recent availability of genetically modified mice has generated a rapid growth of interest in radio imaging of small animals that is now often quoted as the direction for the future because it enables a wide range of human diseases to be studied in animal models. In fact radio-labeling of small molecules, antibodies, peptides and probes for the gene expression enables molecular imaging in vivo, provided a suitable imaging system is used. Imaging systems for small animals are quite challenging because of the high spatial resolution and sensitivity needed. Positron Emission Tomography (PET) has the advantages of high sensitivity and spatial resolution [1] . Nevertheless, PET has intrinsic limitations in terms of spatial resolution and suffers from increased complexity and cost. For this reason different, groups [2, 3, 4] have advocated the use of single photon emission computed tomography (SPECT), which is simpler in principle and less expensive. Moreover, the large variety of molecules that can be used makes SPECT complementary to PET. The spatial resolution of single photon systems is limited to the intrinsic resolution of the detector if parallel hole collimators are used, but significant improvements are possible if pinhole collimators are used. The major drawback is limited sensitivity. Calculations and simulations performed by our as well as other groups show that reasonable count rates can be obtained [2] . However, in dynamic studies higher resolution is needed [4] , which typically leads to further reductions in sensitivity. It has been shown [4, 6] that it is possible to increase sensitivity by careful design of the collimator system. For example, a coded aperture technique can obtain much higher sensitivity while maintaining submillimeter spatial resolution. A collaboration started among the Italian National Institute of Health, the Experimental Medicine Department of Rome University, MIT and The Children's Hospital of Philadelphia for the study and realization of an optimized single photon small animal imaging system to be used for both static and dynamic studies. A compact gamma camera has been built that, in combination with a pinhole collimator, allows for high-resolution, in vivo SPECT imaging. The limits of such a system has been studied with possible ways to overcome them. A coded aperture collimator has been designed and built.
II. EQUIPMENT AND METHODS
We have performed calculations in order to evaluate the performances of the different detector setups in terms of spatial resolution and sensitivity for different Field of View (FOV). The results, quoted in a previous paper [6] , are similar to what can be found in the literature [2, 3, 4] . The well-known tradeoff between FOV, sensitivity and spatial resolution is evident. We have used arrays of pixellated NaI(Tl) crystals coupled to different Hamamatsu PSPMTs: R5900 M16 and M64, R2486 and the H8500. The R2486 is the first generation of Hamamatsu PSPMT's, characterized by an intrinsic spread of charge, a circular shape (3'' in diameter) and a glass windows 3.2 mm thick. The M16 and M64 have a 0.8 mm glass window, 16 and 64 anodes in a 8x8 array (2x2 mm 2 , 4x4 mm 2 , 0.5 mm apart). The active area corresponds to the anode area (18x18 mm 2 ). The charge multiplication is performed by 12 metal channel dynode stages. The Hamamatsu H8500 Flat panel PMT has an external size of 52 mm × 52 mm × 14.7 mm, the photocathode is bialkali and 12 stages metal channel dynode were used as electron multiplier. 8 × 8 matrix anode (64 channels) was used for position sensitive function in which each individual has 6 mm pitch. Peripheral dead zone is reduced down to 1.5 mm (0.5 mm final goal), so the overall active area is 49 mm squared. The PMT gain is about 3 x 10 6 .
F. Garibaldi Small Animal Imaging by single photon emission using pinhole and coded aperture collimation pixel size (1.5 mm pitch), and 48x48 mm 2 , 1.8 x 1.8 mm2 (2 mm pitch). The optical separation between pixels is made of 0.25 mm white epoxy gap. The thickness of the window is 3 mm. A series of lead pinhole collimators was designed. It has an aperture angle of 60° and diameters ranging from 0.3 mm to 1 mm. Measurements were made with 1mm lead and 0.7 mm tungsten parallel hole (?) collimators. Magnification factors as large as 2 and 3 were used to obtain a FOV of 20 mm and 10 mm in diameter. Fig 1a and 1b show the two detector configurations used.
III. RESULTS

A. Basic imaging properties.
We have used the R2486 as reference PSPMT. Fig. 2 shows the comparison of the performances of the parallel hole and pin hole collimator option. The spatial resolution increase by pinhole collimator (from 2.8 mm to 1.7 mm) but the sensitivity decreases by a factor 5. 
3 scintillator array and very poor when the 1.25 x 1.25 x 5 mm 3 one is used (Fig. 4) . Moreover the spatial resolution improves with better light sampling and with smaller pin hole aperture (Fig. 4 and Tab. I). Nevertheless it is known that the charge spread is much smaller in the new generation of Hamamatsu PSPMTs. So better performances with the new PSPMTS were expected. Unfortunately the M16 and M64 PSPMTs have small area. An array can be built to have a reasonable detector area but and this would result in unacceptable dead area. One should note also that, provided a multiwire readout is used no great advantage is obtained by the reduction of the anode pixel size from 4 x 4 mm 2 (M16) to 2 x 2 mm 2 anode pixel (M64). So careful investigation has to be made in the choice of the anode pixel size of the photodetector taking into account that using pin hole collimators makes the intrinsic spatial resolution less important. Two other PSPMTS are available now form Hamamatsu, the H8500 (64 channels) and H9500 (256 channels). This PMT have larger active area and small dead area if an array is built. Fig. 7 shows a flood irradiation of two photodetectors using the two different scintillator array coupled to the H8500. The pixel identification is good for the 1.8 x 1.8 x 6 mm 3 , less good for the 1.25 x 1.25 x 6 mm 3 . Fig. 8 shows the image of a point source (1 mm diameter) using the 1.8 x 1.8 x 6 mm 3 , using I=7. B. The coded aperture option The system we have described does not allow dynamic studies because of low sensitivity. Different groups have proposed using multiple pinhole collimators to increase efficiency. Coded aperture collimators are another possible option [7] . For this reason a coded aperture was designed for use with (explain here what PSPMT and xtal). Fig. 8 shows the coded aperture mask used (NTHT MURA 22×22, thickness 1.5 mm, machinable tungsten). Fig. 8 shows the preliminary results of pilot simulations.
Our preliminary results are promising. The sensitivity is ~50 times higher than the one obtainable with a pinhole collimator. This advantage is fully translated in increased Signal-to-Noise Ratio (SNR) in the case of a point source. In the opposite case of a uniform flood field, the SNR provided by a pinhole collimator is higher. The case of a hot spot with background activity, typical of many small animal imaging measurements, is intermediate, but theoretical calculations, computer simulations, and previous experimental experience show that the increased sensitivity of coded apertures can actually translate in increased image signal-to-noise, without sacrificing resolution [7] .
C. Outlook Our plan is to improve the performances of our detector for both the detector area and the imaging properties. We will test the H9500 PSPMT. We can easily extrapolate from the measurements we have shown here that by using this PSPMT's we would have better pixel identification and better intrinsic spatial resolution, so better imaging properties. Moreover improving the pixel identification will allow to build an array of 4 PSPMTs, without loss of linearity at the borders of the PSPMTS. Using an array of 4 detectors would mean a great improvement of the performances. We could have a bigger FOV with the same efficiency or better spatial resolution while keeping the same FOV. Moreover it should be noted that increasing the number of pixel would allow better performances when using the coded aperture collimator.
IV. CONCLUSIONS
A desktop detector to perform in vivo imaging of small animal has been build and tested showing the performances and the limits of such a system. The way to improve the performances has been shown. Different scintillator arrays coupled to different pinhole collimators have been used coupled with different photodetectors. A key parameter of a small animal imaging system can be the efficiency of the detector. Simulations show that it can be greatly improved by using coded aperture collimation, thus allowing dynamical studies in those cases in which the sensitivity advantage translates in a SNR advantage. A coded aperture collimator was designed and built. The choice of the final detector layout will be driven both by scientific consideration related to the specific studies to be performed, the complication and the cost. Fig. 8. a,b,c,d Coded aperture images of different spatial distributions of the same activity (10 µCi) over the field of view: ideal point source, 1 cm line and 5 x 5 mm2 square. The acquisition time was 10 s in all cases, but for the square it was divided in two 5s segmants to alow for rotation of the aperture to mitigate near-field artifacts.The figures show that the SNR of coded aparture imaging can actually translate in increase image to noise, without sacrificing resolution Tab 1.
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